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Introduction
According to the Center for Disease Control and Prevention, 
head injuries account for 44% of all injury related deaths in the 
United States. Predictive head injury indicators are being used in 
car crash evaluations, forensic science investigations, and in 
research as an alternative to expensive, unpractical, and 
sometimes unethical animal or human experimentation [1]. The 
purpose of the present work is to characterize the structural and 
mechanical properties of the multilayer scalp and create a 
preliminary FEA model based on our findings. A  longer term 
goal is to develop a high fidelity Finite Element (FE) model of 
human head.
The human scalp is composed of five layers: skin, 
connective tissue, aponeurosis, loose connective (areolar), and 
pericranium. To date, no computational human head model has 
been developed to include a multilayer scalp [1-2]. This can lead 
to inaccuracy in injury prediction, as the majority of long term 
and fatal brain damage occurs from Diffuse Axonal Injury 
(DAI), i.e., shearing of the axons as a result of rotational 
acceleration. Damage from DAI is expected to intensify as a 
result of the increase in deflection, elasticity, and deformation 
due to the separation and remodeling of the areolar layer, which 
has a mesh like structure made primarily of collagen and elastin 
fibers. The development of an accurate scalp FE model will help 
in improving the accuracy of FE predictive head injury models 
and better help future vehicular safety countermeasure design.
Materials and Methods
Sample Preparation
Due to structural similarity with human scalp, porcine scalp 
samples were obtained and used in this study. Samples were 
obtained from a local Abattoir. A 3 inch × 3 inch section was 
excised from the porcine’s forehead. For both compression and 
dynamic mechanical analysis (DMA) testing of the scalp, 
samples were cut into cylindrical shapes with a manufactured 
biopsy die with a diameter of 1 cm to ensure a uniform load 
distribution. Individual layers were extracted for mechanical 
testing. Average thickness of the scalp layer was determined 
through histology (Hematoxalyn and Eosin staining) and image 
analysis (Fig. 1). For testing on individual layers, scalp samples 
were separated using a scalpel; DMA tests were performed for 
the whole scalp and the following individual layers: connective, 
aponeurosis, and areolar. Compression tests were only 
performed on the aforementioned layers. 
Samples were prepared into a 6 to 1 aspect ratio using a 
dog-bone shaped manufactured die in preparation for tension 
testing. Before testing commenced, all samples were brought up 
to 37° C throughout, with a warm water bath. Samples were 
hydrated throughout the testing procedure using a dropper filled 
with phosphate buffered saline (PBS).
Figure 1. Histology of porcine scalp.
Tensile and Compressive Tests:
Mach-ITM micromechanical tester (Biosyntech, LAVAL, 
Quebec) was used for tension and compression tests. After ten-
cycles of preconditioning to 5% strain, tension and compression
tests were performed on both the whole scalp and individual 
layers at a strain rate of 0.1%/s up to 80% strain. Force and 
displacement were recorded and converted to true stress and true 
strain.
Dynamic Mechanical Analysis:
Dynamic Mechanical Analysis (TA instruments, New 
Castle, DE) was carried out to measure storage and loss 
modulus. Samples were tested at a frequency of 0.1Hz up to 2% 
strain.
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FE Analysis
Using Abaqus/Explicit, a FE analysis and simulation 
software, a refined mesh was generated. The assigned 
constitutive equations were developed using the tensile data, and 
simulations were run to validate the model. Figure 3 shows the
finite element tensile simulation of the whole scalp.
Results
Compressive testing shows typical nonlinear concave-
upward stress-strain behavior of soft tissues for the individual 
layers (Fig. 2). The connective layer has the smallest maximum 
stress value at 80% strain, 1.05 ±0.577 MPa. Note that the stress-
strain curve of the areolar layer shows a longer toe region, which 
can be explained by its mesh-like structure; however under high 
compressive strain levels the areolar tissue shows a stiffer stress-
strain response after condensing (due to strain hardening). The 
yielding of aponeurosis occurs at 68% strain before both the 
connective and areolar tissues. Note also the areolar tissue has 
yet to reach yeild stress at 80% strain, whereas the connective 
layer has begun yielding.
Table 1. DMA storage and loss modulus ± standard deviation
Modulus 
(MPa)
Scalp Connective Aponeurosis Areolar
Storage 0.111±0.008 0.038±0.010 0.024±0.0050 0.078±.0020
Loss 0.021±0.002 0.007±0.002 0.005±0.0012 0.018±.0008
We found from the DMA analysis, seen in Figure 2, that the 
areolar tissue has a high storage and loss modulus (see Table 1). 
This implies that the areolar layer plays an important role in load 
bearing and energy dissipation under loading. The connective 
and aponeurosis tissues have the smallest storage and loss 
modulus among all layers. Statistical analyses on storage and 
loss modulus data were performed for the areolar, connective, 
and aponeurosis layers, confirming there exists a significant 
difference in the modulus among these layers (Fig. 2).
Figure 2. [Left] Compression tests on porcine scalp layers 
(connective, aponeurosis, and areolar). [Top - Right] DMA 
storage modulus and [Bottom - Right] DMA loss modulus of 
individual layers.
In FE tension tests on the scalp, hyperelastic properties were 
determined from experimental tensile data, and were applied to 
an isotropic homogenous model in Abaqus/Explicit (Figure 3). 
Ogden model was used to describe the stress-strain behavior of 
both scalp and areolar with good correlation (Fig. 3-Left). 
Figure 3. [Left] Finite element simulation of porcine scalp using 
Abaqus. [Right] Ogden model shows good fitting with the 
experimental data (red: scalp tissue including skin, connective, 
and aponeurosis layers, blue: areolar).
Discussion
In conclusion, we found that the areolar layer is a major 
force bearing and energy dissipating structure (Figure 2). It has 
the ability to tolerate high compressive stresses before yielding, 
which may provide some explanation of its role under 
compressive head impact. The small storage and loss modulus of 
the connective and aponerosis layers might reflect the 
physiological function of those two layers, i.e., serving a 
structural integrating role. Furthermore, our FE model has been 
calibrated to the experimental data (Fig. 3). The calibrated 
material model, along with the experimental data, could be 
readily used for FE simulations of real world Boundary Value 
Problems (BVP). The topmost layer, skin layer, has not been 
examined in this study due to its dimension limitations (50-100 
µm). Nano-indentation or AFM will be applied to characterize 
the scalp-skin in the future. The data reported in this study will 
help us to better understand the mechanical behavior of the scalp 
and the contribution of the individual layers. This will shed light 
on role of scalp in averting DAI in future studies. 
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